Metal air-batteries with high-energy density are expected to be increasingly applied in electric vehicles. This will require a method of recycling air batteries, and reduction of metal oxide by generating plasma in liquid has been proposed as a possible method. Microwave-induced plasma is generated in ethanol as a reducing agent in which zinc oxide is dispersed. Analysis by energy-dispersive x-ray spectrometry (EDS) and x-ray diffraction (XRD) reveals the reduction of zinc oxide. According to images by transmission electron microscopy (TEM), cubic and hexagonal metallic zinc particles are formed in sizes of 30 to 200 nm. Additionally, spherical fiber flocculates approximately 180 nm in diameter are present.
The objective of this research is to reduce ZnO powder by microwave-induced plasma in ethanol, with the ethanol being the reducing agent. The synthesized materials were identified using an absorption spectrophotometer, energy-dispersive x-ray spectrometry (EDS) and x-ray diffraction (XRD) (M21X, Mac Science), and as well as observed using a transmission electron microscope (TEM) (JEM-2100, JEOL).
Experimental method
The apparatus used in this experiment is shown in figure 1 . The reaction vessel is a transparent polycarbonate tube with an inner diameter of 55 mm and outer diameter of 60 mm. A coaxial electrode consisting of an inner conductor of a sharpened copper rod 5 mm in diameter, dielectric Teflon, and outer conductor of brass, was placed perpendicular to the bottom of the vessel. The bottom of the vessel was tapered at an angle of 60 degrees to feed the ZnO powder efficiently to the top of the electrode where the plasma was generated. A copper tube 3 mm in outer diameter and 2 mm in inner diameter used as a counter electrode was placed 2 mm away from the coaxial electrode.
ZnO powder, labeled 200 mesh, 99.999% (NEWMET KOCH) was used. Two different concentrations were applied. For high density dispersion, 3.0 g, 5.0 g, and 6.0 g of ZnO powder were dissolved in 80 ml ethanol, respectively. For low density dispersion, 0.1 g, 0.2 g, and 0.3 g of ZnO powder were used. It was initially stirred manually and then applied to an ultrasonic device until the powder was dispersed sufficiently. The dispersion was poured into the vessel and the pressure in the vessel was decreased to 30 kPa using an aspirator. The liquid was circulated using a gear pump, and funneled from the counter electrode toward the top of the inner electrode.
A 2.45 GHz microwave in TE10 mode passed through a rectangular waveguide, was converted within TEM mode and then subsequently passed through the coaxial electrode. By adjusting a plunger and stab tuner, the input power was increased until plasma ignition occurs between the coaxial electrode and counter electrode. After plasma ignition, the plasma was maintained at 235 W. The period of the plasma generation lasted ten minutes for low density dispersion, and eight and a half minutes for high density liquid dispersion. A different time of plasma generation was caused by liquid densities. When using a high density dispersion, the ZnO powder after a few minutes of plasma irradiation covers the tip of electrode and makes it difficult for continous plasma generation to occur. With low density dispersion, the plasma remains stable until irradiation has continued for 10 min, because there is no ZnO powder covering the tip of the electrode.
Result and discussion
During plasma generation, the purple color of plasma emission was observed by naked eye, and the emission spectrum was measured using a spectroscope (PMA-11, HAMAMATSU). Characteristic Zn lines were detected at 468.0, 472.2, 481.1 and 636.2 nm, and the excitation temperature was approximately 3400 K as estimated from emission intensity of these lines by the Boltzmann plot method. Among the three different amounts of ZnO powder (0.1, 0.2, and 0.3 g), the dispersion of 0.2 g was chosen to be the representative result for low density because at this dispersion, plasma was very stable and continuously presented a purple color, which is recognized as the color of zinc. for other techniques [25] [26] [27] [28] . The other peak observed around 200 to 250 nm on the short-wavelength side is believed to be the result of the formation of zinc nanoparticles. Syntheses of zinc nanoparticles from a zinc rod by plasma in liquid showed the same peak around 220 nm [24] . Research into nanoparticle synthesis by laser ablation has reported that a sharp peak for Zn nanoparticles appears at 232.4 nm [29] and similarly, it has reported around 230 nm for synthesis by radiation chemical reduction [30] . Since a peak for carbon has also been reported to appear around 230 nm, one of the peaks might be derived from Zn and another from carbon, however, this has not been clarified yet.
Figure 2(b) shows peak height of the absorbance, which was obtained by subtracting the base of the peak from the peak value. On the short-wavelength side where a Zn peak is assumed to have been obtained, the peak height increased during the elapsed time of plasma generation. While on the long-wavelength side where a ZnO peak was observed, the peak height decreased. The Beer-Lambert law predicts that the intensity of an absorption peak is directly proportional with the concentration of the compound.
After plasma generation in the dispersion of 0.2 g ZnO in 80 ml of ethanol, the product adhered to the tip of the coaxial electrode is shown in figure 3 (a) and residue after evaporation of liquid is shown in figure 3 figure 4 (a). TEM images of particles collected from the tip of the electrode, and from the residue after evaporation of liquid are shown in figures 4(b) and (c), respectively. Good crystallinity of cubic particle about 30-200 nm in diameter is found from the tip of the electrode. It has been reported that zinc nanoparticles in cubic shape have been synthesized by plasma in liquid method using zinc wire [24] . Another rectangular particle is observed in the residue of liquid after evaporation. Although the particles seemed to be in crystalline form and similar to ZnO particles before plasma generation, the amount of oxygen after plasma generation was negligible according to the EDS spectrum in figures 5(a) and (b). This EDS spectra was conducted for a nanoparticle collected at the tip of electrode, for which the TEM image shows a different shape from the ZnO TEM image before plasma irradiation. The mass ratio of oxygen to zinc was found to be 6% which was smaller than the theoretical value of ZnO which was approximately 24%.
There were no significant differences of particle synthesized when using 0,1 and 0.3 g of ZnO powder. For high density dispersion, plasma generation at a dispersion of 6.0 g ZnO in 80 ml ethanol was relatively more stable than the dispersions of 3.0 g and 5.0 g of ZnO powder, even though the nanoparticles synthesized showed no significant difference in shape or size.
After plasma generation, TEM images of particle were found to show two types of particles, white polygonal ones and spherical fiber-flocculated ones, as shown in figure 6(a) . The diameter of the spherical particles was approximately 180 nm. From the enlarged image of the fiber-flocculated spherical particles in figure 6(b) , the diameter of one fiber was found to be approximately 10 nm. Figure 7(a) shows the EDS spectrum of the white polygonal particles, sufficient oxygen was detected to determine that the particles consisted of ZnO. On the other hand, according to the EDS spectrum of the fiber-flocculate particles in figure 7(b) , hardly any oxygen was present.
Further investigations of the product were performed using x-ray diffraction (XRD). The XRD pattern before and after plasma generations for dispersion of 0.2 g and 6.0 ZnO powder are shown in figures 8(a)-(c) , respectively. These spectra were recorded for a whole particle including one that remained in a liquid. Some metallic zinc peaks were observed after plasma generation, although ZnO was dominant.
Under the assumption of reduction due to thermal reaction, the reduction of ZnO is predicted using a consideration of chemical equilibrium and the Ellingham diagram.
The 
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where n (2) are made up for 24 products except for C(s), H and O. Because there are 27 indeterminate variables, which are chemical potentials, three more equations will be needed to solve them. The atomic ratios of C to H and of O to H have to be retained between the reactants and products expressed as,
The total pressure is a determinate value such as 30 kPa, expressed as,
If ethanol is used as a solvent, the values of the right side of equations (3) and (4) An Ellingham diagram is used to predict whether the reaction of metals progresses to oxidation or reduction. If a metal oxide of metal M is expressed as M x O y , the reaction equation is expressed as follows:
The Ellingham diagram shows the Gibbs energy change ΔG 0 by 1 mole O 2 under the partial pressure of O 2 of 1 atm as a function of temperature. The Gibbs energy change ΔG of the reaction changes with the partial pressure of O 2 and is expressed as,
0 O2
The reaction shown in equation (6) progresses from left to right when ΔG is negative, while inversely it progresses from right to left when ΔG is positive. A reducing atmosphere, that is, will be provided when ΔG is positive.
Some mole fractions of dominant products under the chemical equilibrium are shown in figure 9 . The maximum mole fraction of O 2 is under 10
, and is much smaller than the dominant products. The Gibbs energy change of zinc oxidation is shown in figure 10 . ΔG increases with the temperature and turns to a positive from a negative at 1140 K. This indicates that if the temperature is higher than 1140 K, the reducing atmosphere is available for zinc oxide.
In-liquid plasma may be suitable for generating a temperature of over 1140 K. It is difficult to measure the temperature, but spectroscopic measurement of plasma emission provides some important information concerning temperature. Line emission spectra of some species can give the excitation temperature through application of the Boltzmann plot method. The excitation temperature is related with the electron temperature. However, the electron temperature is not necessarily the same as the gas temperature, because in-liquid plasma is not necessarily in thermal equilibrium. The excitation temperature of in-liquid plasma is found to be generally between 3000 and 5000 K [31] , and decreases with an increase of pressure. When plasma is generated in water, OH spectral band is detected around 310 nm. The rotational temperature of OH radicals can be obtained by matching the configuration of the spectral band to that of computational simulation. The rotational temperature is considered to be close to the gas temperature, because the thermal energy is almost equally distributed to the translation, rotational and vibrational energy of the molecule. The rotational temperature of in-liquid plasma was found to be generally from 3000 to 5000 K, [31, 32] and increases with the increase of pressure. Finally, the continuous spectrum of the black-body radiation from the electrode can sometimes be detected. By fitting it to the Planck's law, the temperature of the electrode which is in contact with the plasma can be obtained. The temperature of the electrode was found to be roughly between 1300 and 1700 K [32, 33] .
All the temperatures shown above exceed 1140 K. Therefore, the reaction field provided by the in-liquid plasma is a reducing atmosphere for zinc oxide.
When the 0.2 gm dispersion of ZnO was used, nearly all the ZnO particles in the dispersion were found to have been converted to Zn particles by the plasma. From this, the energy efficiency can be estimated, knowing that a reduction of 0.2 g (2.5 mmol) ZnO was caused by supplying microwave of 78 kJ to the plasma. From the theoretical enthalpy for reduction of ZnO of 348.3 kJ mol Pyrometallurgy and electrowinning are industrial processes comparable with the present experiment. Both processes require roughly 3000 kWh to 1 ton of metallic zinc, and from these values, the energy efficiency of these processes can be calculated to be 49%.
Another method for zinc recovery that has been reported, the hydrometallurgical method, uses methane and solar thermal technology [34] [35] [36] however, these methods have no information regarding the zinc nanoparticle production that is needed for zinc air batteries. This present method provides for recycling of zinc nanoparticles with prevention of re-oxidation, because the reaction area is separated from the air by liquid. An additional advantage to this method is the easy collection of the product since the reduced metal remains in the liquid as dispersed particles.
From the calculation results, two parameters were derived theoretically for the proposed reduction method. One is that the appropriate ratio of ethanol and zinc oxide should be prepared for the plasma, and the other is that the temperature within the plasma should be between 1500 and 2000 K in order to utilize the enthalpy change of ethanol efficiency.
Conclusion
Zinc nanoparticles were synthesized from reduction of ZnO powder by 2.45 GHz microwave in ethanol, which act as reducing agents. Nanoparticles in cubic and hexagonal shapes of about 30 to 200 nm along with fiber flocculates 10 nm in diameter were found at the tip of the electrode and in the remaining liquid after plasma generation. This study was conducted simply to confirm the reduction of ZnO by plasma in liquids, and was not intended as an improvement of energy efficiency. In the future, in order to improve the energy efficiency, many parameters must be examined, for example, the type of liquid, frequency, power, pressure, arrangement of the device, and so on. Moreover, the distinctive nanoparticles synthesized by this experiment, and the mechanism of synthesis should be clarified in the future to obtain a more perfect reduction of oxides and synthesize pure metallic zinc nanoparticles.
